The distribution, production, and decay of hydrogen peroxide (H 2 O 2 ) were studied in 10 boreal lakes of differing physical-chemical characteristics. Diurnal and vertical fluctuations in H 2 O 2 concentration were followed in the lakes by sampling at six depths three times per day. In addition, incubations of water filtered through 0.2-µm mesh were made under artificial irradiation to study the abiotic production and decay of H 2 O 2 . H 2 O 2 concentrations after 8 h of artificial irradiation were significantly correlated with neither absorption coefficients at 320 nm nor with dissolved organic carbon (DOC) concentrations. However, H 2 O 2 concentration increased rapidly with DOC concentration among lakes with DOC concentrations below 10 mg·L -1 . The H 2 O 2 concentration after exposure to ultraviolet radiation was positively related to the half-life of H 2 O 2 , which in turn was negatively correlated with iron and manganese concentrations (r 2 = 0.68 and 0.70, respectively). In situ H 2 O 2 concentrations at the surface of the water column ranged between 30 and 1041 nmol·L -1 and were largely determined by the decay rates of H 2 O 2 and the mixing depth of the water column.
Introduction
The interaction between ultraviolet (UV) radiation and dissolved organic carbon (DOC) can result in the formation of chemically reactive and biologically toxic compounds, including hydroxyl-and alkyl-peroxyl radicals (Mill et al. 1980) , superoxides, and hydrogen peroxide (H 2 O 2 ) (Cooper et al. 1988 ). H 2 O 2 is long-lived compared with other oxidants and radicals and is measurable by simple methods, making it a useful marker of DOC photolysis and of the photochemical production of oxidizing agents (Cooper et al. 1989b) . Diel patterns of H 2 O 2 concentration in surface waters have been observed in several studies, with higher concentrations during the day and lower during the night (Cooper et al. 1989a; Herrmann 1996; Wilson et al. 2000a ).
This pattern suggests that photochemical formation is the major production mechanism of H 2 O 2 in fresh waters and seawater (Cooper and Zepp 1990) . In addition, biological (Wilson et al. 2000b ) and trace metal mediated production in darkness (Moffett and Zika 1987) , as well as wet and dry deposition (Miller and Kester 1994) , can contribute to the H 2 O 2 concentration in natural waters.
Typical H 2 O 2 concentrations between 10 and 400 nmol·L -1 at the surface have been reported in a number of different types of aquatic ecosystems (Cooper et al. 1989a; Kieber and Helz 1995; Herrmann 1996) . H 2 O 2 concentrations up to 800 nmol·L -1 in lakes have also been observed (Cooper and Lean 1989) , a level that is inhibitory to bacteria (Xenopoulos and Bird 1997). In most cases, H 2 O 2 concentrations are higher in fresh waters than in the sea, while estuarine re-gions exhibit intermediate values (Kieber and Helz 1995) . A positive relationship between DOC and H 2 O 2 -formation rates has been detected in previous studies (Cooper et al. 1988; Scully et al. 1996) , which may partially explain the difference in H 2 O 2 concentrations between freshwater and marine systems.
The decay of H 2 O 2 is influenced by both biotic and abiotic factors and varies widely among different aquatic ecosystems. The decay of H 2 O 2 may be affected by bacteria (Cooper and Zepp 1990 ) and other microorganisms (Cooper and Lean 1989) , and by redox-sensitive metals such as iron (Moffett and Zafiriou 1993) and manganese (Sunda and Huntsman 1994) . The possibility has often been raised that biological decay is the main mechanism of H 2 O 2 decay, at least in coastal and marine surface waters (Moffett and Zafiriou 1990) . Only a few studies in which H 2 O 2 decay was considered have been conducted in metal-or DOC-rich waters (Tranvik and Kokalj 1998; Wilson et al. 2000b) . Humic lakes are usually distinguished by the presence of high amounts of metals, which can be reduced by H 2 O 2 . Sunda and Huntsman (1994) found an approximately fivefold decrease in the rates of manganese dissolution after addition of H 2 O 2 catalase during light exposure of simulated estuarine water. The results found by Sunda and Huntsman (1994) suggest that photodissolution of manganese oxides results mainly from manganese reduction by H 2 O 2 . Evidence from the literature also shows that H 2 O 2 is involved in both reduction (King et al. 1993 ) and oxidation of iron (Moffett and Zika 1987) .
The aim of this study was to determine the distribution, production, and decay of H 2 O 2 in boreal lakes of differing physical-chemical characteristics. In situ measurements were undertaken to study the diurnal and depth distribution of H 2 O 2 . There are only few studies linking the factors that influence production and decay of H 2 O 2 under laboratory conditions and the distribution of H 2 O 2 in natural conditions. The main objective of this study was to emphasize the role of metals in the distribution of H 2 O 2 in humic lakes, as most of the previous studies were conducted in seawater and clear-water lakes. Differences in DOC and metal concentrations among the lakes were hypothesized to influence patterns of H 2 O 2 production and decay, thus providing a better explanation of H 2 O 2 dynamics in fresh waters.
Material and methods

Sampling locations
Between 19 June and 7 July 2001, in situ H 2 O 2 concentrations were measured in 10 oligotrophic lakes situated within the boreal region of the South Swedish Highlands. Chlorophyll a and phosphorus concentrations in these lakes range between 3-12 and 1-14 µg·L Table 1 .
Diurnal and vertical fluctuations in H 2 O 2 concentration
Diurnal and vertical fluctuations in H 2 O 2 concentration were followed in one lake per day by sampling at six depths (i.e., surface and 0.5, 1.0, 1.5, 2.0, and 3.0 m) in the euphotic zone of the water column three times per day (0930, 1230, and 1530) . The temperature at each sampling depth was also measured. Approximately 40-mL samples were collected from each depth in acid-(10% HCl) and Milli-Q-rinsed glass bottles. Thereafter, triplicate 3-mL samples were added to 6-mL vials containing 90 µL of N-acetyl-3,7-dihydroxyphenoxanine (APOXA) working solution (see below). The vials were placed in a rack on ice clamps covering the bottom of a cooling box. All samples were analyzed the same evening, and maximum storage time before analysis was approximately 10 h.
Measurements of H 2 O 2 production under in situ conditions
Incubations at the water surface were performed in each lake to measure H 2 O 2 production under sterile conditions. A water sample was taken from the epilimnion of each lake, using a 2 m long Plexiglas ® tube. Approximately 20 L of water each was emptied into an acid-and a Milli-Q-rinsed polycarbonate bottle. Sampling in a lake was done the day before the incubation in that lake. The same day as the sampling was done, the contents of the 20-L polycarbonate bottle were filtered through a Milli-Q-rinsed GF/A filter (147 mm, Gelman Sciences, Montréal, Quebec) and subsequently through a 0.2 µm mesh membrane filter (147 mm, Gelman Sciences). The filtered water was put into a 10-L glass bottle, which was then stored in a refrigerator until the in situ incubation the following day. Water from the 10-L glass bottle was distributed to quadruplicate quartz tubes (inner diameter 40 mm, length 200 mm, and volume 190 mL). The tubes were suspended horizontally at the surface of the lake, with half of the tube above the water and half under the water. Quadruplicate tubes wrapped in aluminum foil were used as dark controls. The tubes were fixed horizontally on a steel-wire platform suspended from a wooden frame. All glassware used was previously acid-(10% HCl) and Milli-Q-rinsed. The daily variation in solar radiation was estimated by measuring the integrated amounts of UV-A radiation (315-400 nm) between 0900 and 1600, using an IL 1400A radiometer (International Light Inc., Newburyport, Massachusetts, USA). In addition, downwelling radiation was measured in all lakes at 380 nm using a PUV-500 radiometer. The depth of 1% surface irradiance for radiation at 380 nm (z1% 380 nm ) was calculated according to Kirk (1994) . We chose 380 nm for calculating 1% surface irradiance because substantial H 2 O 2 formation can still occur at this wavelength (Scully et al. 1996) . Temperature profiles were also recorded with the PUV-500 radiometer during the sampling of water for H 2 O 2 measurements (i.e., at 0930, 1230, and 1530). The depth of the epilimnion was determined on the basis of changes in temperature relative to depth (i.e., changes in temperature ≥1.5°C·m -1 were regarded as the boundary for a thermocline).
Measurements of H 2 O 2 production and decay in laboratory conditions
An additional 10-L integrated sample (from 0-2 m depth) was taken during the field studies and stored at 4°C in the dark for further laboratory measurements of H 2 O 2 production and decay under light-and temperature-controlled conditions. Incubations under laboratory conditions were completed approximately 2 months after the in situ sampling and incubations. Approximately 200 mL of lake water from the 10-L polycarbonate bottles was filtered through 0.2-µm-mesh filters. Thereafter, triplicate 25-mL samples were distributed into quartz tubes (40 mL ). Average irradiation values for the incubations in the field at noon on a cloudless day were 24.1, 0.33, and 365 W·m -2 for UV-A, UV-B, and PAR, respectively, at the surface of the water column. The integrated amount of UV-A radiation received externally by the tubes during the artificial irradiation was 432 kJ·m -2 (average incubation in the field was 489 kJ UV-A·m -2 ). Triplicate tubes wrapped in aluminum foil were used as controls. Immediately after incubation, the tubes were kept in the dark and H 2 O 2 was measured 3, 7, 13, 26, and 51 h after irradiation was terminated. Half-lives were calculated from equations fitted (r 2 values ≥0.75) to ≥3 H 2 O 2 measurement points. Asymptotic decay phases were not included in these calculations. The temperature in the room was kept constant at 18°C during the whole experiment.
H 2 O 2 measurements
H 2 O 2 concentrations were derived from the enzymecatalyzed reaction between APOXA and H 2 O 2 to form a fluorescent product. Chemicals used during the study were obtained from Sigma Chemicals and used as received. APOXA and enzyme (horseradish peroxidase, Sigma Type VI, 50 units·mL -1 ) stock and working solutions were prepared as described by Tranvik and Kokalj (1998) . Briefly, 1.0 mg of APOXA dissolved in 1 mL of dimethyl sulphoxide (DMSO) was used as the stock solution. Working solutions were prepared by mixing 25 µL of the APOXA stock solution, 1 mL of Milli-Q water, and 2 mL of horseradish peroxidase. A volume of 90 µL of the working solution was added to a 3-mL sample in a 10-mL acid-(10% HCl) and Milli-Q-rinsed polypropylene vial. Depending on the time of sampling, fluorescence was measured after 1-10 h of cold storage on a Shimadzu RF-1501 spectrofluorometer with excitation and emission wavelengths of 570 and 585 nm, respectively.
Owing to the possibility of dissolved organic matter affecting the calibration slopes of H 2 O 2 measurements (Miller and Kester 1988) , individual calibrations were performed for each lake studied. H 2 O 2 volumes of 20-50 µL, serially diluted from a stock solution, were added to triplicate 3-mL samples to achieve seven standard solutions ranging from 64 to 796 nmol·L -1 . Higher concentrations were analyzed by diluting the photoreacted sample with 0.2-µm-mesh filtered lake-specific water. The stock-solution concentration was determined and calibrated (molar absorptivity 38.1 mol·cm -1 ) (Miller and Kester 1988 ) from absorbance at 240 nm, measured on a Beckman DU 650 spectrophotometer. Linear regression between standard H 2 O 2 concentration and fluorescence for the different lakes presented slopes that ranged between 0.65 and 0.91 (all r 2 values ≥0.99), depending on the lake water. A maximal error in calculated H 2 O 2 concentrations of a factor of 1.6 could have resulted if we had used a single calibration curve for all studied lakes. This variation is considerably lower than the fourfold variation in calibration slopes noted for the p-hydroxyphenyl-acetic acid (POHPAA) method used to measure H 2 O 2 in seawater (Miller and Kester 1988) . APOXA exhibits fluorescence at wavelengths in the red region (approximately 580 nm), where interfering fluorescence from dissolved organic matter is low. Analysis of freshwater samples is thus less problematic with APOXA because of lower background fluorescence (Lars Tranvik, Department of Limnology, Uppsala University, SE-752 36 Uppsala, Sweden, personal communication) compared with POHPAA, which exhibits fluorescence at approximately 350 nm (Miller and Kester 1988) . However, although we detected a relatively small slope variation, calibrations are recommended for every type of lake studied. Blanks were obtained through a simplified version of the method used by Miller and Kester (1988) . In contrast to their method, catalase was not added to degrade H 2 O 2 , since it did not affect the blank values of the samples.
Indications of temporal instability of sample fluorescence during field transport have previously been observed (Miller and Kester 1988) . During the field measurements, the APOXA solution was added to the samples in the field, which were stored cool until further analysis in the laboratory. Storage time ranged from 4 to 10 h. Therefore, we performed a stability test, covering the specific conditions present when the H 2 O 2 measurements were done in the field. H 2 O 2 was added to samples from each lake and to a Milli-Q sample used as a control, to a concentration of 322 nmol·L -1 . Samples were then stored as during field sampling. Fluorescence reading was followed by analyzing each sample five times over a 10-h period (i.e., the maximum amount of time between sampling and reading of fluorescence). We found a linear increase in fluorescence in all types of lakes as a function of storage time (all r 2 values ≥0.95). The apparent increases in H 2 O 2 concentration with storage time ranged between 4.3% and 37.3% for 10 h of storage in the cooling box (4-10°C), and were positively related to DOC concentration (r 2 = 0.51, p < 0.05). The Milli-Q control was stable for a period of 10 h (-0.02% change in fluorescence between initial reading and after 10 h storage). The magnitude of the increase in fluorescence in the clear-water lakes due to storage during our field measurements was comparable to the changes noted for the POHPAA reagent when used for H 2 O 2 measurements in seawater (Miller and Kester 1988) . The temporal increase in fluorescence due to storage that seems to prevail regardless of method or system studied should be considered when samples cannot be analyzed immediately. H 2 O 2 concentrations during the diurnal and vertical profiles in all lakes presented here were corrected for the bias in fluorescence increase during storage before analysis.
DOC concentrations, absorbance, metals, and statistics
DOC concentrations were measured during the field study by the platinum-catalyzed high-temperature combustion method using a Shimadzu TOC-5000 total carbon analyzer equipped with an ASI-5000 autosampler (Granéli et al. 1996) . A Beckman DU 650 spectrophotometer was used for absorption measurements and the absorptivity was calculated from the relationship 2.303·absλ·l -1 , where absλ is absorbance at wavelength λ and l is path length (m). Total iron and manganese concentrations were determined through inductively coupled plasma-optical emission spectrometry, using a Perkin-Elmer model 3000 DV (Tyler and Olsson 2001) . The reproducibility of the analysis was ±5%. Statistics were performed in GenStat (version 6.1 for Windows). Regressions were examined between H 2 O 2 production and decay and between DOC and iron and manganese concentrations.
Results and discussion
H 2 O 2 production and decay under laboratory conditions
Final H 2 O 2 concentrations after 8 h of artificial irradiation under laboratory conditions were significantly correlated with neither absorption coefficients at 320 nm (data not shown) nor DOC concentrations in the lakes (Fig. 1a) . However, a tendency toward a positive correlation between DOC and H 2 O 2 concentrations could be discerned among lakes with DOC concentrations below 10 mg·L -1 . Scully et al. (1996) studied H 2 O 2 formation in a range of waters with DOC concentrations up to 20.0 mg·L -1 . Those authors found a positive correlation between DOC concentration and H 2 O 2 formation. However, Scully et al. (1996) only used waters with DOC concentrations in the range 1.4-7.6 mg·L -1 in their regression between DOC concentration and H 2 O 2 . An aspect common to our study and the study of Scully et al. (1996) is the relatively high iron concentrations (522-1240 µg·L -1 ; table 2 in Scully et al. 1996) in the high-DOC waters. Humic lakes usually contain high amounts of metals. Therefore, chemical decay can be very important in metal-rich waters, and the concentration of iron (Wilson et al. 2000a ) and (or) manganese (Sunda and Huntsman 1994) may be more important than DOC concentration in explaining the variation in H 2 O 2 concentration in fresh waters. Degradation of H 2 O 2 through redox reactions between H 2 O 2 and iron has been previously described (Voelker and Sulzberger 1996) .
H 2 O 2 half-lives ranged between 1.4 and 58.2 h. When H 2 O 2 concentrations at the end of the light incubations and H 2 O 2 half-lives for the incubated waters are plotted together, a correlation between them can be seen (Fig. 1b) . This suggests that the final H 2 O 2 accumulation after 8 h of UV exposure in the studied lakes was largely determined by differing decay rates of H 2 O 2 . Therefore, our H 2 O 2 concentration after 8 h of UV exposure may not represent real rates of H 2 O 2 formation, since the final concentrations were largely offset by the low half-lives, especially those found in the metaland DOC-rich lakes. Therefore, it is likely that the lack of relationship between DOC concentration and H 2 O 2 production found in our study was due to the long incubation time (i.e., measurements of H 2 O 2 after 8 h of irradiation). However, even lakes with roughly similar DOC contents exhibited very different final H 2 O 2 concentrations after 8 h of UV exposure (Fig. 1a) , giving an indication that factors other than DOC may play an important role in explaining H 2 O 2 production in fresh waters. We found a better negative power function relationship between H 2 O 2 half-lives and metals (r 2 = 0.73 and 0.55 with iron and manganese concentrations, respectively) than between H 2 O 2 half-lives and DOC (r 2 = 0.16) (Fig. 2) . By studying lakes that differed in trophic status, Herrmann (1996) found that the half-life of H 2 O 2 in DOC-rich waters was much shorter than in low-DOC waters, and concluded that chemical decay might be an important mechanism for explaining H 2 O 2 decay in humic lakes. Two different types of H 2 O 2 -decay characters were detected among the lakes: (i) exponential (Lakes Klintsjön, Hindsen, Övingen, Homehultsjön, and Grunnen) and (ii) exponential followed by an asymptotic phase (Lakes Skärlen, Stråken, Stavsjön, Älgarydssjön, and Skärshultsjön) (Fig. 3) . The asymptotic H 2 O 2 -decay behavior found in several of the metal-rich waters when radiation was interrupted might be explained by the complex relation between H 2 O 2 and metals, since metals can form complexes, stabilize, and not react with H 2 O 2 (Wilson et al. 2000a) .
Abiotic production of H 2 O 2 in the laboratory under artificial UV radiation correlated well with H 2 O 2 production during the in situ incubations (r 2 = 0.84, p < 0.01), suggesting that under sterile conditions, the formation-decay equilibrium of H 2 O 2 under artificial irradiation (i.e., only UV) is similar to that under natural irradiation (i.e., both PAR and UV). The in situ incubations showed, as was also indicated in the laboratory incubations, that there was no general correlation between the H 2 O 2 -producing capacities and the DOC concentrations of the studied lakes (data not shown).
Diurnal and vertical variation in H 2 O 2 concentration under in situ conditions
The weather during the field study was predominantly warm and sunny, with integrated UV-A radiation values between 240 and 552 kJ·m -2 (mean ± SD = 462 ± 113 kJ·m -2 ). Water temperatures ranged from 10 to 25°C and the buildup of a diurnal stratification was noted on several occasions (data not shown).
The H 2 O 2 concentration at the surface of the water column responded to the diurnal variation of light. The highest H 2 O 2 concentrations were found in either the midday or the afternoon sampling. H 2 O 2 concentrations ranged between 0 and 1041 nmol·L -1 (Figs. 4 and 5) . Maximum concentrations were always measured at the surface (i.e., at a few centimetres depth). H 2 O 2 concentrations generally decreased with depth, but high concentrations could still be observed far below the 1% depth of radiation at 380 nm, especially in the lakes with deeper epilimnia (e.g., Fig. 4a ). This suggests that H 2 O 2 produced at the surface mixes downward, and probably affects organisms and chemistry of lakes even in the layers where H 2 O 2 is not produced (Scully and Vincent 1997) .
The concentrations and distribution of H 2 O 2 through the water column are explained by a combination of several fac- observed in these two lakes. The high H 2 O 2 concentration, probably originating from the bottom of the lake, suggests that significant H 2 O 2 production occurs under dark conditions. The same pattern has also been noted in other studies (Cooper et al. 1989a) . Clearly, additional studies are necessary to understand the mechanisms behind H 2 O 2 production in the dark, as well as its importance for H 2 O 2 concentrations in deep waters of metal-rich lakes. Based on the results of this study, we conclude that H 2 O 2 distribution in boreal lakes can be highly variable, with no general correlation with DOC concentrations. Previous observations by Scully et al. (1995) have indicated a lack of correlation between DOC and H 2 O 2 concentrations on an areal basis in Canadian lakes. We have shown in this study that measured H 2 O 2 concentrations were largely determined by the differing decay rates of H 2 O 2 and the mixing depth of the water column. In addition, we have shown that metals might substantially affect the decay of H 2 O 2 , and should be considered in further studies on the distribution of H 2 O 2 in fresh waters, especially humic lakes. 
